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This study is concerned with the time at which cytoplasmic DNA of the sea

urchin oocyte replicates in relation to the stage of oocyte development. Oocytes
at many different states of development, as well as mature eggs, are found in

mature sea urchin ovaries. They range in size from the smallest primary oocyte
to the largest terminal oocytes. Since all different stages of oocyte development
are present in the ovary, the events of oogenesis may he studied in a sequential
manner.

The method chosen to detect the presence of cytoplasmic DNA in relation to

the stage of oocyte development was 3

H-actinomycin D incubation of sectioned ma-

terial, followed by radioautography. It is well established that actinomycin D binds

specifically to DNA (Muller and Crothers, 1968) and that this binding occurs on

tissue sections (Ebstein, 1967, 1969). Once the 3
H-actinomycin D binds specifi-

cally to DNAon the section, the location of the 3
H-actinomycin D-DNA complex

can he detected by radioautography. We thus have a method for localizing all

nuclear and cytoplasmic DNA in tissue sections in relation to cell structures. This

method allows us to compare the amount of cytoplasmic DNA detected by
3 H-

actinomycin D binding at progressive stages of oocyte development.

MATERIALSANDMETHODS

Living supplies of the purple sea urchin, Strongyhcentrotits pnrpnratus, were

obtained from Pacific Biomarine Company, Venice, California. Ovaries of mature

females were fixed in Carnoy's solution (ethanol : acetic acid, 3:1) for two hours.

They were passed through graded alcohols, cleared in toluene and embedded in

paraffin. Sections were cut at 5 microns, deparaffmized in xylol and hydrated

through a graded alcohol series.

Control enzyme and TCA extraction oj /AY. / and h'NA

Controls were necessary to check the specificity of the 3
H-actinomycin D bind-

ing under the experimental conditions used. Controls consisted of slides from

which all DNA had been extracted prior to incubation with 3
H-actinomycin D,

either by treatment of the slides with DNase, using the method of Deitch (1966)
or by extraction with hot trichloroacetic acid (TCA), using the method of Pearse

(1961). As an additional control, RNase extractions, using the method of Amano

(1962) were performed on another series of slides. The specificity of the above

586



CYTOPLASMICDNA IN OOGENESIS 587

extraction procedures was confirmed by Azure B staining for DNA and RNA
using the cytochemical staining method of Flax and Himes (1952).

Incubation zuith 3
H-actinomycin D

To determine the location of DNA in the oocytes, slides were incubated in
3

H-actinomycin D. The method of Ebstein ( 1967, 1969) as modified by Aczel

and Enesco (1973) was used. This method consists of incubating the slides with
3

H-actinomycin D (5 /iCi/ml) for two hours in a moist chamber in the dark,

then rinsing the slides in distilled water and in a graded alcohol series to 70%
ethanol to remove any

3

H-actinomycin D which is not specifically bound to DNA.
The 3

H-actinomycin D (specific activity 3.7 Ci/niM ) was obtained from Schwartz-

Mann Company, Orangeburg, New York.

Radioautography and staining

Slides were air dried following
3

H-actinomycin D incubation to prepare them
for radioautography. The slides were then dipped in Kodak NTB2 liquid nuclear

track emulsion, using the method of Kopriwa and Leblond (1962). After

sufficient exposure (10 days) they were developed in D170 developer (Young
and Kopriwa, 1964). The slides were then stained following radioautographic

development with either cresyl violet or toluidine blue. The staining procedures
followed were those selected by Thurston and Jofts (1963) for their compatibility
with the radioautographic emulsion. After staining, the slides were dehydrated
and mounted in Permount.

Staging of oocytes

The dimensions of the oocyte nucleus and cytoplasm as sectioned through their

largest diameter were measured with the aid of a calibrated ocular micrometer.

On the basis of these measurements, oocytes were classified into ten numerical

stages, as described in the results section. Numerical stages 1 and 2 correspond to

primary oocytes, stages 3 to 6 are growing oocytes and stages 7 to 10 are terminal

oocytes using the classification defined by Cowden (1962) and by Esper (1965).
At least 10 measurements were made to define each stage.

Histonietrics and grain counts

Oocytes sectioned through their largest diameter were selected for this study.
The nuclear and cytoplasmic diameter of these oocytes wr as measured, and the nu-

clear and cytoplasmic area was calculated. Using the measured values of nuclear and

cytoplasmic diameter, nuclear volume and total cell volume were calculated. Cyto-

plasmic volume was then obtained by subtracting nuclear volume from total cell

volume. The number of grains per lOOOfi
2

cytoplasmic area was determined on the

same sections used for histometrics. The grain counts, originally expressed in

relation to area, were then transformed to express the total number of grains ex-

pected in relation to total cytoplasmic volume.
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TABLE 1

Grain counts per 1000 i^- over nucleus and cytoplasm at 3 stages of oocyte development,
corrected by subtraction of background fog. The amount of radioactivity in

non-extracted, RNase, DNase and TCA extracted tissue is presented.
The data for stages 4 to 10 is essentially the same.
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grains per 1000
//,-' cytoplasmic area. This value decreases markedly from stage 1

to 5, suggesting a dispersal of cytoplasmic DNA correlated with the marked in-

crease in size of the oocyte between these two stages. In contrast, from stage 6

to stage 10 the grain counts per 1000 p.- remains almost constant, despite the con-

tinued growth of the oocyte.
Since the oocyte is a three dimensional sphere, we will now use the above data

to obtain an estimate of the amount of 3
H-actinomycin D binding to cytoplasmic

DNAin the total cytoplasmic volume. Table II shows the total cytoplasmic volume

at each stage of oocyte growth. Table II also shows the amount of 3 H-actino-

mycin D binding calculated to occur in relation to total cytoplasmic volume. This

latter figure provides a comparative estimate of the relative amounts of cytoplasmic

DNApresent at various stages. The data show's that there is a 4-fold increase in

3
H-actinomycin D binding to total cytoplasmic DNA during oocyte development.

At each stage of oocyte development we have now determined two variables :

cytoplasmic volume, and total grain counts calculated in total cytoplasmic volume

Figure 1 expresses each of these variables in relation to stage of oocyte develop-
ment. The two ordinates of Figure 1 are drawn to separate and arbitrary scales,

for the purpose of comparing the shape of the two curves. This manner of pre-

sentation emphasizes the points of similarity between the two curves. Figure 1

shows that the most rapid increase in the amount of cytoplasmic DNA (grain

counts) occurs in the primary and young growing oocyte (stages 1 to 5). There

is a stabilization in the amount of cytoplasmic DNA at stage 5, but no marked

increase between stages 5 to 10. When the volume increase of the oocyte is

plotted on the same graph for comparison, we see that the increase in cytoplasmic
volume starts slowly from stages 1 to 3, then rises sharply from stages 3 to 5,

plateaus briefly at the stages 6 and 7, and then increases steadily from stages 7

to 10.

During the first stages of oocyte growth, the plots for increase in cytoplasmic
volume and for increase in cytoplasmic DNAappear quite similar. However, after

TABLE II

The numerical stages of oocyte growth are defined in relation to the size of the nucleus

and cytoplasm. Grain count data is expressed in relation to unit cytoplasmic area,

total cytoplasmic area and total cytoplasmic volume.

Stage
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FIGURE 1. Grain counts on radioautographs, which represent the amount of
a
H-actinomycin

D binding to cytoplasmic DNA at successive stages of sea urchin oocyte development are

plotted on the left ordinate. Increase in cytoplasmic volume is plotted on the right ordinate.

Arbitrary scales were chosen for the purpose of comparing the shape of the two curves. This

comparison shows that increase in mitochondrial DNAparallels increase in cytoplasmic volume

only in the early and growing oocyte stages.

stage 7 all similarity disappears. The oocyte continues to increase in volume, but

there is no further increase in cytoplasmic DNA.

DISCUSSION

No controlled in vitro studies of 3
H-actinomycin D binding to sea urchin

oocytes had been carried out prior to the present study. In vivo incubation studies
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by Greenhouse, Hynes and Gross (1971) have shown that actinomycin I) inhibits

RNA synthesis in developing sea urchin embryos, and have established that
3

H-actinomycin D readily penetrates into living embryos. Radioautographic
localization of the 3

H-actinomycin D binding sites showed that silver grains were
distributed over the cytoplasm as well as over the nuclei of the early cleavage

embryos. The authors interpret the cytoplasmic label as cytoplasmic DNA.
Their experimental design did not permit confirmation with DNase extracted

controls.

The amount of
3
H-actinomycin D binding which takes place in any experimental

system is a function of both of the concentration of the 3

H-actinomycin D used
and of the incubation time used (Simard, 1967). While 3

H-actinomycin D bind-

ing does not quantitatively reflect the absolute amount of cytoplasmic DNA
present in the oocytes, we can use the actinomycin D binding data as a comparative
estimate of the relative amount of cytoplasmic DNA available for the 3 H-actino-

mycin D binding at the various stages of oocyte development. The lack of 3H-

actinomycin D binding after DNase extraction in this study excludes any label

being non-specifically bound to either nucleus or cytoplasm. Binding of 3 H-

actinomycin D to cytoplasmic DNAhas been reported in only one previous study

(Aczel and Enesco, 1973), although several investigators have reported on
3
H-actinomycin D binding to nucleolar DNA (Simard, 1967, Camargo and Plant,

1967).
It was first reported by Hoff-J0rgenson (1954) that sea urchin eggs contained

large amounts of cytoplasmic DNA. This cytoplasmic DNA was first shown to

be mitochondria! DNAby Piko, Tyler and Vinograd (1967), who also reported
that one third of the cytoplasmic DNA in the sea urchin egg was associated with

the yolk spherule fraction. These findings were subsequently revised by Berger
(1968) who showed that DNA becomes associated with the yolk fraction in sea

urchin eggs only as a result of contamination by the mitochondrial fraction. The
results of Berger (1968), thus show that the "cytoplasmic" DNA of the sea

urchin egg is entirely mitochondrial DNA. Dawid (1972) also cites evidence that

the cytoplasmic DNA reported to occur in eggs of various species is entirely
mitochondrial DNA. This is true not only for sea urchin eggs, but for frog eggs
(Dawid, 1966) and for eggs of Urcchis caiipo as well (Dawid and Brown, 1970).

Mitochondrial DNAfrom mature sea urchin eggs has been isolated and char-

acterized by Piko and associates (Piko ct al, 1967, Pilo, Blain, Tyler and Vinograd,
1968). The replication of mitochondrial DNA during sea urchin oogenesis fol-

lows the same molecular replication pattern generally reported for mitochondrial

DNA (Matsumoto, Kasamatsu and Piko, 1973).

In the present study, the fixation and staining methods necessary for radio-

autography are not suitable for morphological observation of mitochondria. Even

though we cannot correlate silver grains directly with mitochondria, it is clear

from the work of Berger (1968) that the mitochondria are the only DNA con-

taining organelles in the cytoplasm.

The results presented here show that increases in the amount of cytoplasmic
DNA, as detected by

3H-actinomycin D binding, are confined to the preliminary
and growing oocyte stages. No increase in cytoplasmic DNA takes place in the
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terminal oocyte stages. If we now interpret cytoplasmic DNA as mitochondrial

DNA, how do these results correlate with our knowledge of mitochondria in

oocytes ?

We do know that the number of mitochondria in the sea urchin oocyte in-

ceases markedly during oogenesis. Verhey and Moyer, (1967) report that there is

an average of 393 mitochondria in a small oogonium, as compared to an average
of 19,827 mitochondria in a mature oocyte. These figures are based on calcula-

tions from electron microscope data, and represent a 50 fold increase in the num-
ber of mitochondria from the earliest to the latest stage of oocyte development.
This data does not tell us the time at which mitochondrial replication takes place,

and provides no information about mitochondrial DNA.
These combined results of this and the other studies cited show that the syn-

thetic activities of the sea urchin oocyte are sequentially arranged into specific

stages of oocyte differentiation.

The primary and growing oocytes are characterized by intensive RNA syn-

thesis and production of ribosomes (Verhey and Moyer, 1967) as well as by the

increase in cytoplasmic DNA reported in this study. Intensive yolk synthesis

takes place at later stages (Esper, 1962, 1965).
Dawid (1972) suggests that large numbers of mitochondria may accumulate in

the egg as a storage product to support embryonic development during the rapid

cleavage stages. Gustafson (1965) reports that the number of mitochondria re-

main constant in the sea urchin from the mature oocyte stage through gastrulation.

It is clearly the oocyte mitochondria which support the early development and

differentiation of the sea urchin embryo. The oocyte mitochondria, containing
mitochondrial DNAare thus stored in the oocyte for distribution among the cells

of the growing embryo. These results show that mitochondrial replication takes

place primarily in the early oocyte stages.

SUMMARY

The relative amount of cytoplasmic DNA in sea urchin oocytes was studied

at ten successive stages of oocyte differentiation in the sea urchin, Strongylo-
ccntrotus [>-nrpnratus. The cytoplasmic DNA was selectively localized by means
of 3

H-actinomycin D binding on 5 ^ sections of the ovaries. The specificity of the
3
H-actinomycin D binding to DNA was established using DNase extracted con-

trol slides. The results show that cytoplasmic DNA increases continuously during
the primary and growing oocyte stages. Although oocytes at later stages of dif-

ferentiation continue to increase in volume, there is no increase in cytoplasmic
DNAduring these later stages. The cytoplasmic DNAobserved in this study is

interpreted as mitochondrial DNA.
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